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ABSTRACT: We report the design, synthesis, and evaluation of potent and selective inhibitors of aldo-keto reductase 1C3
(AKR1C3), an important enzyme in the regulatory pathway controlling proliferation, differentiation, and apoptosis in myeloid
cells. Combination treatment with the nontoxic AKR1C3 inhibitors and etoposide or daunorubicin in acute myeloid leukemia
cell lines, elicits a potent adjuvant effect, potentiating the cytotoxicity of etoposide by up to 6.25-fold and the cytotoxicity of
daunorubicin by >10-fold. The results validate AKR1C3 inhibition as a common adjuvant target across multiple AML subtypes.
These compounds in coadministration with chemotherapeutics in clinical use enhance therapeutic index and may avail
chemotherapy as a treatment option to the pediatric and geriatric population currently unable to tolerate the side effects of
cancer drug regimens.
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he aldo-keto reductase family 1 member C (AKRIC) age (>60)” are widely recognized risk factors for a major cause of
enzymes are oxidoreductases, which catalyze the NADPH- therapeutic failure in AML, the inability to tolerate high toxicity
dependent reduction of aldehyde and ketone functionalities on a associated with the most intensive chemotherapeutic treatment
range of steroids, carbohydrates, and prostaglandins.’ The regimes, resulting in an increased rate of early death. Adjuvant
AKRIC3 enzyme, also known as prostaglandin (PG) Fy, therapies that increase response to the chemotherapeutic agent,

synthase,” converts PGD, to 113-PGF,,, which acts to prevent
myeloid differentiation and facilitates proliferation of tumor cells
by preventing peroxisome proliferator-activated receptor
(PPAR) 7y activation.” In the absence of AKR1C3, PGD, can
be converted to the PGJ, series of prostanoids that activate
PPARy leading to differentiation and apoptosis.’

Acute myeloid leukemia (AML) is a hematologic neoplasm
characterized by Gproliferation of poorly differentiated myeloid

yet have no innate toxicity, represent a promising therapeutic
strategy allowing for lower dosing, and hence, less toxicity to
nonmalignant cells while preserving the desired cytotoxic effect
in cancerous cells.” All-trans retinoic acid (ATRA) is an effective
differentiation agent in acute promyelocytic leukemia (APL), but
its effects are limited to this one subtype of AML.'> The

progenitor cells.” The current treatment of AML involves Received: April 15, 2016
chemotherapy with cytarabine combined with etoposide and/or Accepted: June 22, 2016
anthracycline chemotherapeutics.” Young age (<1)° and older Published: June 22, 2016
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Figure 1. Synergistic activity of AKR1C3 inhibitors with etoposide in HL-60 cells following 72 h coincubation. Values are the mean + SD (n = 6). The
two-tailed ¢ test analysis was used to compare the statistical difference between control and treatments; ns, not significant; *p < 0.01, **p < 0.05, ***p <

0.001, ****p < 0.0001.

identification of a therapeutic agent with activity across all AML
subtypes would have substantial clinical implications.

Primary AML cells and the AML cell lines HL-60 (APL, M3
subtype) and KG1la (AML, MO subtype) predominantly express
AKRIC3 with median levels two orders of magnitude greater
than the AKRICI isoform and more than three orders of
magnitude greater than the AKRIC2 isoform.''”"® Strong
expression of AKR1C3 is also detected in nonmalignant
proliferating CD34** cells isolated from peripheral blood."
Overall, this data identifies AKRIC3 as the primary AKR1C
isoform encountered in myeloid progenitors and indicates a
critical role in the regulation of myelopoiesis. Pharmacological
inhibition of AKR1C3 holds the promise of an adjuvant effect,
sensitizing leukemic cells to the cytotoxic action of chemo-
therapeutics delivered synergistically.

Combination of the weak and nonselective pan-AKRI1C
inhibitor medroxyprogesterone acetate (AKR1C3 pICs, = 5.6)
and bezafibrate demonstrated an approximate 2-fold potentia-
tion of cytotoxic activity.'* A recent study reported that the
specific AKR1C3 inhibitor 4-MDDT (pICs, = 6.3) does not give
the adjuvant effect at concentrations up to 50 M that a pan-
AKRIC inhibitor does, despite the low expression of other
isoform in AML cells, casting doubt on the validity of AKR1C3 as
a therapeutic target in AML."

The structurally distinct natural product baccharin (1, Figure
1a) demonstrates highly potent inhibitory activity for AKR1C3
(pICso = 7.0). Critically, baccharin exhibits exquisite selectivity
with absolutely no inhibition of the AKR1C1 or AKR1C2
isoforms.'® Hydrolysis of the ester moiety of 1 provides the
known phenol drupanin (la, Figure S7), which possesses
attenuated AKR1C3 inhibitory activity (pICs, = 4.8) with only 7-
fold selectivity for AKR1C3 over the 1C2 isoform. Molecular
modeling of baccharin in the active site of AKRIC3 predicts
formation of a hydrogen bond between the ester carbonyl and
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the active site TyrS5 residue.'® Ester bond hydrolysis is a primary
feature of metabolism and the magnitude in the reduction of
potency for drupanin highlights the unsuitable pharmacokmetlcs
of baccharin as a drug candidate or chemical probe.'”

We sought to evaluate the suitability of baccharin and
rationally designed hydrolytically more stable derivatives as
chemical probes to evaluate adjuvant effects in AML cell lines. To
this end, we replaced the ester bond of 1 with the hydrolytically
more stable amide bioisostere (2, Scheme 1). Commercially
available 4-iodoaniline (5) was brominated and the desired meta-
bromide (6) was obtained as the major product by column
chromatography. Selective Heck reaction with tert-butyl acrylate

Scheme 1. Synthesis of para-Amide Derivative 2

GG 5

COZ'Bu
COZ‘Bu
)\A? )\A?
COZBu CopH

“Reagents and conditions: (i) Br,, AcOH, 44%; (ii) tert-butyl acrylate,
NEt;, P(Ph),, Pd(OAc),, PhMe, reflux, 64%; (iii) 3-phenylpropanoyl
chloride, NEt;, DMAP, DCM, 70 °C, 10%; (iv) prenylboronic acid
pinacol ester, Pd(dppf)Cl,, Cs,CO;, DMF, 90 °C, 44%; (v) SiO,,
PhMe, reflux, 50%.
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was achieved by exploiting the greater reactivity of the iodo
substituent over the bromide,"® providing cinnamic ester (7).
Dimethylaminopyridine catalyzed addition of a suitably function-
alized acid chloride installed the amide bond (8); subsequent
Suzuki—Miyaura reaction'” with prenyl pinacolborane provided
ester (9), which underwent hydrolysis by exposure to silica gel,”’
to yield the amide derivative of baccharin (2). Ring analogues of
the hit compound were synthesized based on the premise that
reducing the distance of the hydrogen bond between the
AKRIC3 active site Tyr55 residue and the side chain ester
carbonyl would result in enhanced potency coupled with
enhanced steric congestion around the ester providing greater
hydrolytic stability. Commercially available 3-hydroxycinnamic
acid (10, Scheme 2) was protected as the methyl ester (11).

Scheme 2. Synthesis of meta-Ester Derivative 3“

X COR X CO,Me
iy ii
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OH OH
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) 13R =Me o)
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“Reagents and conditions: (i) MeOH, H,SO,, reflux, 93%; ii Br,,
AcOH, RT, 35%; (iii) prenylboronic acid pinacol ester, Pd(dppf)CL,
Cs,CO;, DMF, 90 °C, 27%; (iv) NaOH, H,0, reflux, 99%; (v) 3-
phenylpropanoyl chloride, DMAP, NEt;, DCM, RT, 82%.

Subsequent bromination with molecular bromine provided 4-
bromo-3-hydroxycinamic ester (12), which was readily separable
from regioisomers by column chromatography. Subsequent
Suzuki—Miyaura coupling with prenyl pinacolborane and
hydrolysis provided cinnamic acid (14), which underwent
addition of a suitably functionalized acid chloride to yield
meta-ester derivative (3). In a similar fashion, the meta-amide
derivative (4, Scheme 3) was accessed utilizing the same
synthetic sequence but beginning with commercial 2-bromo-5-
iodoaniline (15).

The inhibitory activities of the synthesized baccharin
derivatives against AKR1C3 and the hi%hly homologous isoform
AKR1C2 were determined (Table 1).” Synthetic baccharin (1)
exhibited potency for AKRIC3 inhibition (pICs, = 7.0) and

Scheme 3. Synthesis of meta-Amide Derivative 4“

| X CO,Bu X -CO,'Bu
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” " ” Y\/@

NH, NH; HN
15 16

“Reagents and conditions: (i) tert-butyl acrylate, Pd(OAc),, P(Ph);,
NEt,;, PhMe, 110 °C, 64%; (ii) 3-phenylpropanoyl chloride, DMAP,
NEt;, DCM, 70 °C, 88%; (iii) prenylboronlc acid pinacol ester,
Pd(dppf)Cl,, Cs,CO;, DMF, 90 °C, 42%; (iv) SiO,, PhMe, reflux,
27%.

Table 1. AKR1C3 Inhibition Activity and Selectivity of
Synthesized Compounds

AKR1C3 AKR1C2 fold selectivity
compd pICs, pICy AKRI1C3

1 7.0 43 S10
1a 4.8 3.9 7

6.4 44 89
3 7.1 4.6 261

7.2 S.1 109
MPA™* 5.6 54 0.66

“MPA: medroxyprogesterone acetate.

excellent selectivity (510-fold) as expected. The para-amide
derivative (2) retained some potency and selectivity (pICs, = 6.4
with 89-fold selectivity) for AKR1C3. The meta-ester derivative
(3) represents the best combination of potent inhibitor (pICs, =
7.1) and selectivity (261-fold for AKR1C3). The meta-amide
derivative (4) is the most potent AKRIC3 inhibitor of this
scaffold class (pICs, = 7.2) with 109-fold increase in affinity for
AKRIC3.

This selection of compounds enable direct comparison of
adjuvant activity for the four AKR1C3 inhibitors (1—4), which
exhibit potent inhibitory activity and selectivity over AKR1C2
while incorporating hydrolytically labile and stable linkers to a
pharmacophoric moiety.

To investigate the general cytotoxicity of baccharin (1) against
a range of cancer cell lines, the compound was submitted to the
National Cancer Institute 60 cancer cell line assay (Figure S1).**
The results, in agreement with others,”> show little cytotoxic
activity associated with the inhibition of AKR1C3 at a
concentration of 10 uM. Baccharin (1) and the derivative
AKRI1C3 inhibitors (2 and 3) demonstrate no toxicity to the HL-
60 human APL cell line at concentrations up to 100 M (Figure
S2). The highly potent meta-amide derivative 4 was significantly
(p < 0.0001) cytotoxic at SO M. At the lower concentrations
employed in this study (0.1—1 uM) 4 showed only a 8%
reduction of cell viability. The toxicity of AKRI1C3 inhibitor 4
may be attributed to its high potency for AKR1C3 enzyme
inhibition that leads to cell death, as has been reported for
similarly potent AKR1C3 inhibitors in prostate cancer cells.”’
When the AKR1C3 inhibitors were exposed to the KGla AML
cell line (AML MO subtype), which has much greater expression
of AKRIC3 (Figure S3), cytotoxicity was observed at
concentrations above 25 yM for inhibitors 1—3 indicating direct
toxicity to AML cells upon inhibition of AKR1C3 (Figure S4).
Potent inhibitor 4 showed 20% reduction of cell viability at just 1
uM in the KGla cell line.

The clinically approved drug etoposide, employed as a second
line chemotherapeutic to manage AML**** was chosen as the
cytotoxic agent. The use of etoposide ensures that any
potentiation of cytotoxicity would be attributable to AKR1C3
inhibition rather than prevention of AKRIC3-mediated
metabolism of the chemotherapeutic agent. A dose—response
curve of etoposide was obtained in HL-60 and KGla cells
(Figures SS and S6). In accordance with the literature, 0.1 uM of
etoposide provides no cytotoxic effect in HL-60 cells.”® The ICg;
value of etoposide was calculated as 1.16 and 6.70 M for the HL-
60 and KGla cell lines, respectively (Table 2).

Combination treatment of HL-60 cells with a range of
concentrations of etoposide and AKR1C3 inhibitor was
performed to determine the effect on cell viability (Figure 1).
Etoposide treatment of HL-60 cells alone at 1 M reduces cell
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Table 2. Adjuvant Effect of Compounds 1—4 To Potentiate the Effect of Etoposide in Human AML Cell Lines upon Cotreatment at

72h
AKRI1C3 HL-60 KGla
compd pICs, cr* DRI” IC° (uM) cr* DRI” ICs° (uM)
1 7.0 0.44 2.25 0.51 N/A N/A N/A
2 6.4 0.38 2.56 0.45 0.42 2.34 2.88
3 7.1 0.28 3.46 0.33 0.16 6.25 1.08
4 7.2 0.45 2.17 0.53 0.37 2.73 2.47
etoposide N/A N/A N/A 1.16 N/A N/A 6.70
“Combination index. “Dose reduction index. “Calculated for etoposide + AKRI1C3 inhibitor (#M). N/A: not applicable.
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Figure 2. Synergistic activity of AKR1C3 inhibitors with etoposide in KG1a cells. Seventy-two hours of coincubation with etoposide. Values are the
mean + SD (n = 6). The two-tailed  test analysis was used to compare the statistical difference between control and treatments; ns, not significant; *p <

0.01, #¥p < 0.0, **¥*p < 0,001, **¥¥p < 0.0001.

viability by 40%. The natural product hit compound baccharin
(1) at a concentration of 0.1 yM when delivered synergistically
with etoposide (1 yM) provided a significant (p < 0.0001)
potentiation of etoposide cytotoxicity providing an overall
reduction of cell viability by 70% (Figure la). When amide
analogue (2), the lowest potency AKR1C3 inhibitor of the four
lead compounds (pICs, = 6.4), was delivered synergistically at
0.1 uM concentration with 1 uM etoposide, a potentiation effect
was observed that provided an overall 57% reduction of cell
viability (Figure 1b). The ring analogue (3) with greater
AKRIC3 inhibition potency (pICs, 7.1) at a concentration of
0.1 uM provided an 80% reduction in cell viability in
combination with 1 #M etoposide (Figure 1c). The most potent
AKR1C3 inhibitor, amide analogue (4) (pICs,=7.2), provided a
52% reduction in cell viability at 0.1 #M along with 1 uM
etoposide. A significant (p < 0.0001) adjuvant effect was
observed when 4 was incubated with just 0.5 uM of etoposide.
This concentration of etoposide provides a 20% reduction of cell
viability alone, which was potentiated by the action of 4 at 0.1 yM
to provide a 45% reduction of cell viability (Figure 1d). When a
comparison is made at this concentration of etoposide with the
less active inhibitor 2, a reduction of cell viability of only 25% is
observed. These data illustrate that all four AKR1C3 inhibitors
(1—4) show a potent adjuvant effect.

The adjuvant effect was enhanced in KGla cells when
compounds 2—4 were incubated with etoposide (Figure 2a—c).
The cotreatment experiments demonstrated potentiation of
etoposide toxicity at 1 yuM dose from 18% cell viability reduction
(etoposide alone) to 42% when dosed with 0.1 4M of inhibitor 2
(Figure 2a). Ring analogues 3 and 4 at 0.1 M reduced KGla cell
viability by 54% and 40%, respectively, with 1 gM etoposide
(Figure 2b,c).

To assess if this adjuvant effect was indeed attributable to
AKRI1C3 inhibition we employed the hydrolysis product of 1, the
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low potency (pICs, = 4.8) and nonselective (7-fold selectivity for
AKR1C3) inhibitor drupanin (1a) as a control compound. The
observed adjuvant effect diminished substantially, in parallel with
AKRIC3 inhibition activity, when la was coincubated with
etoposide in HL-60 cells. Compound la demonstrated simple
additive effects, providing no statistically significant adjuvant
effect (p = 0.8512) (Figure S7).

To further discern if inhibition of AKRIC3 is indeed
responsible for sensitizing AML cells to the cytotoxic action of
etoposide, AKR1C3 inhibitors were next incubated in HL-60
cells for 24 h prior to the addition of etoposide. After a further 72
h, cell viability was measured (Figure 3a—d). All four AKR1C3
inhibitors demonstrated a greater potentiation effect after 24 h
pretreatment in contrast to the cotreatments, showing a near
complete abrogation of cell viability (80—95% cell viability
reduction) when combined with 1 uM etoposide. This
observation can be attributed to the greater inhibition of
AKRI1C3 before addition of etoposide.

To quantify the degree of synergism, the results of the
cotreatment and pretreatment experiments were analyzed by
CompuSyn software (Paramus, NJ) based on the median effect
principle or Chou—Talalay method.”””** The combination index
(CI) and dose reduction index (DRI) values were calculated at a
constant ratio of etoposide to AKRIC3 inhibitor at 50%
cytotoxic effect (F, = 0.5). In all experiments, CI values were
found to be <1, indicative of synergism. As outlined in Table 2,
cotreatment of each AKR1C3 inhibitor with etoposide in AML
cell lines demonstrated a synergistic drug action. In HL-60 cells,
up to 3.5-fold reduction in dosing of etoposide was observed in
cotreatment experiments with AKR1C3 inhibitors, and the dose
reduction was increased up to 5.8-fold upon 24 h pretreatment
with AKR1C3 inhibitor. CI values exhibited a narrow range from
0.16 (2) to 0.23 (1 and 4), indicative of strong synergism in the
pretreatment experiments in HL-60 cells (Figure 3e). A stronger

DOI: 10.1021/acsmedchemlett.6b00163
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Figure 3. Synergistic activity of AKRIC3 inhibitors with etoposide in
HL-60 cells (pretreatment). (a—d) Twenty-four hours of pretreatment
of AKR1C3 inhibitor followed by 72 h exposure to etoposide. Values are
the mean + SD (n = 6). The two-tailed t test analysis was used to
compare statistical difference between control and treatment; ns, not
significant; **p < 0.05, ***p < 0.001, ****p < 0.0001. (e)
Quantification of synergistic activity.

synergistic action was observed in KGla cells, which have much
greater AKR1C3 expression, wherein a dose reduction of up to
6.25-fold was observed upon cotreatment. CI and DRI indices
ranged from 0.16 (3)—0.42 (2) and 2.34 (2)-6.25 (3),
respectively (Table 2).

The data presented in Table 2 provides a clear quantification of
synergistic activity of the AKRIC3 inhibitors by computer
simulation. From the calculated DRI values, meta-ester 3 confers
greatest adjuvant activity upon synergistic treatment with
etoposide. The cytotoxicity of etoposide is enhanced by 3.5-
fold in HL-60 cells and 6.25-fold in KG1a cells, resulting in new
calculated IC values (3 and etoposide) of just 0.33 and 1.08 uM
in HL-60 and KG1a cells, respectively. These data can perhaps be
rationalized to the enhanced stability of meta-ester 3 to
hydrolysis. The hit compound baccharin is metabolically labile;
hydrolysis is known to provide an inactive compound (1a). The
meta-ester 3 experiences greater steric congestion around the
labile ester bond and, as such, would be expected to be more
resistant to hydrolysis than 1. Inhibitor 2, by the nature of the
amide bond, would be expected to be more stable to hydrolysis
than esters 1 and 3 and provides the greatest potentiation effect
in pretreatment experiments in HL-60 cells, yet is a less potent
AKRIC3 inhibitor. Amide 4, while the most potent AKR1C3
inhibitor, possesses innate cytotoxicity that reduces the DRI
index, accounting for the observed CI value of 0.45. Comparison
of cell viability data (Figure 1) resulting from combination of
AKR1C3 inhibitor (0.1 uM) and 1 uM etoposide in HL-60 cells
with 72 h incubation show a linear relationship between
AKRIC3 inhibition potency and reduction in cell viability.
Compound 3 (pICy, = 7.1) with etoposide provides 80% cell
death, compound 1 (pICg, = 7.0) with etoposide provides 70%
cell death, and compound 4 (pICs, = 6.4) with etoposide
provides 57% cell death. Indeed, this is supported by data from
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cotreatment experiments in both HL-60 and KG1a cells; amide 2
provides a lower DRI (2.56 and 2.34, respectively) than the more
potent meta-ester 3 (3.46 and 6.25, respectively) relating
AKRIC3 inhibition potency to potentiation effect.

To establish the scope of synergistic activity across other
chemotherapeutics, daunorubicin was employed. Pretreatment
experiments were performed in HL-60 and KGla cells with
compound 3 followed by daunorubicin incubation for 72 h. A
dose reduction of approximately 10-fold was observed, reducing
ICy, from 42 to 4.2 nM and from 1.77 to 0.2 uM in the respective
cell lines (Figure S8).

A substantial AKR1C3 induction in cells with low endogenous
AKRI1C3 levels is observed upon treatment with the
anthracycline class of chemotherapeutics.”” This effect has
been attributed to anthracycline resistance in various cancers.”’
KG1la and HL-60 cells were incubated with AKR1C3 inhibitor 4
at 1, 5, and 10 #M concentration, and the expression levels of
AKRIC3 were determined (Figure S3). Treatment with
AKRIC3 inhibitor 4 resulted in increased AKR1C3 expression
in both cell lines, which was more pronounced in HL-60 cells,
after 48 h incubation. After 72 h incubation, reduced AKR1C3
expression was observed. The data are in agreement with prior
reports that show a transient increase in AKR1C3 expression
immediately preceding differentiation.’’

AKRIC3 inhibitors derived from modification of a natural
product have enhanced biological stability and exhibit extremely
selective and potent activity. Proof-of-concept that AKR1C3
inhibitors derived from baccharin have a synergistic effect
sensitizing AML cells to the chemotherapeutic effects of
etoposide and daunorubicin is demonstrated. Treatment with
the nontoxic AKR1C3 inhibitors in two in vitro models of AML
with coadministration of the clinical chemotherapeutics etopo-
side or daunorubicin results in a synergistic drug action. The ICy,
value of etoposide was reduced from 1.16 to 0.21 xM in HL-60
cells and from 6.70 to 1.08 yM in KGla cells. The potency of
daunorubicin is potentiated by up to 10-fold in both HL-60 and
KGla cells. This is contrary to recent reports detailing selective
AKRI1C3 inhibitors do not perform an adjuvant role compared to
pan-AKR1C isoform inhibitors."”

Our results suggest that a strategy developing small molecule
AKRI1C3 inhibitors may yield powerful adjuvant agents for the
synergistic treatment of leukemia, especially since favorable
toxicity and pharmacokinetic properties can exist within the
baccharin structure. The identified highly potent and selective
derivatives represent valuable lead compounds to understand the
structural features required for AKR1C3 inhibitory activity and
selectivity, and how these properties interrelate to further our
understanding of the role, which AKRI1C3 plays to enable a
potentiation of chemotherapeutic effect within AML.
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